Introduction
Sindbis virus (SINV) belongs to the family, Togaviridae, and is the prototype virus within the genus, Alphavirus. 1 The virus is mosquito borne and has the most extensive geographical distribution of all the alphaviruses, 2 with reports of the virus from Africa, Eurasia and Oceania. 3 The Sindbis complex has been postulated to consist of several subtypes, including Ockelbo virus from Sweden, Karelian fever virus from Russia, and Whataroa virus from Australia and New Zealand. 4 However, more recent studies have suggested that the Sindbis complex consists of only two species, namely Aura virus and Sindbis virus. 3, 5 Birds are the reservoirs for SINV, while certain Culex mosquito species serve as vectors and occasionally transmit the virus to humans and other vertebrates. Sindbis virus causes a self-limiting fever, with a maculopapular rash and arthritic sequelae in humans. 6 To date, no fatal cases have been reported.
Phylogenetic studies of SINV, mostly based on E2 and C gene sequences, have shown a separation of isolates into Palaearctic-Ethiopian and Asian-Australian groups. 3, 7, 8 This grouping correlates with the geographical distribution of competent mosquito vectors, and follows known migratory bird flyways. 5 Kurkela et al 9 suggested that migratory birds may play a role in the spread of SINV because these viruses are widely distributed, but still share identical nucleotide sequences. Additionally, analyses of SINV isolates from Africa and northern Europe have suggested that South African SINV strains are continuously moved by birds to northern Europe and vice versa. 10 In South Africa, SINV causes infections in humans during the summer. 11, 12 This virus is widely distributed across the central plateau of the country, including the current Gauteng, Free State and Northern Cape provinces, 13 but sporadic cases have also been reported from the Mpumalanga, North-West, Eastern Cape, Western Cape and KwaZulu-Natal provinces of South Africa (authors' unpublished data). The largest recorded outbreak of Sindbis fever occurred in the Karoo and Northern Cape in 1974, when thousands of clinical human cases were reported. 13, 14 Jupp et al 13 suggested that this outbreak occurred owing to unexpectedly high temperatures and rainfall in a usually semiarid region of South Africa which favoured prolific mosquito breeding. Between December 1983 and April 1984, another outbreak of Sindbis fever occurred in the Witwatersrand and Pretoria areas. 13 Both of the outbreaks involved C. univittatus mosquitoes as the main vector for SINV. 13, 14 Presently, limited data exist on genetic diversity within the South African SINV isolates. Only a few South African isolates, AR86, Girdwood, AR6071, AR18141 and AR18132, were analysed in previous phylogenetic studies. 3, 8, 10 This investigation included a more comprehensive phylogenetic inference of SINV isolates, and provided insight into the diversity of this virus in South Africa, compared to elsewhere in the world. The E2 gene was chosen as it is the most variable alphavirus gene, and has been widely used in previous phylogenetic studies. 3, 10 
Method

Virus isolates
Ethics approval for the use of patient clinical material for the purpose of this study was obtained from the University of the Witwatersrand Human Research Ethics Committee (M060449). Twenty-six SINV isolates from mosquito pools, and one isolated from patient serum, were available from the Centre for Emerging and Zoonotic Diseases, of the National Institute for Communicable Diseases of the National Health Laboratory Service (Table I and Figure 1 ). The material was available in the form of lyophilised mouse brain preparations. The lyophilised material was reconstituted in sterile phosphate-buffered saline before nucleic acid extraction. A total of 65 published SINV E2 gene sequences, available from National Center for Biotechnology Information GenBank, were also included in this study (Table I) .
Nucleic acid extraction
The RNA from the SINV specimens was extracted using the RNeasy Lipid Tissue Mini Kit ® (Qiagen, Valencia, USA) according to the manufacturer's instructions. The extracted RNA was stored at -20°C until processed.
Nucleic acid amplification and sequencing
A reverse transcription polymerase chain reaction (RT-PCR) assay was performed using the A1 and A2 primers and a protocol described by Norder et al 10 for the amplification of a 527 base-pair region of the E2 gene (positions 8 919-8 938 and 9 426-9 445 of the SINV genome, respectively). 38 A conventional RT-PCR reaction mixture was prepared, using the Titan One Tube RT-PCR System ® (Roche, Mannheim, Germany) according to the instructions of the manufacturers, with 15 pmol of each oligonucleotide and 5 µl of RNA. The RT-PCR reaction was performed in an Applied Biosystems ® Thermal Cycler 2720 (Life Technologies Corporation, Carlsbad, USA), using the following cycling conditions: cDNA synthesis by avian myeloblastosis virus reverse transcriptase at 50°C for 30 minutes, initial denaturation at 94°C for two minutes (one cycle), denaturation at 94°C for 30 seconds, annealing at 47°C for 30 seconds, and extension at 68°C for 30 seconds (35 cycles), as well as a final extension step at 68°C for seven minutes. Isolates are grouped based on their genotype Some of the isolates listed in Table I were not included in the final phylogenetic tree because of space constraints bhk: baby hamster kidney, p: passage, v: vero 
Phylogenetic analysis
Sequences were analysed using BioEdit ® Sequence Alignment Editor Version 7. 39 The sequences were trimmed to a final size of 312 nucleotides, corresponding to position 8 968-9 288 of the Sindbis virus reference strain, NC_001547.1. 38 The reverse sequence was reverse complemented and imported to the forward-sequence alignment. Multiple-sequence alignment was created using the ClustalW subroutine of the BioEdit ® software. 39 The aligned sequences were imported into the Molecular Evolutionary Genetics Analysis ® (version 4) software. A neighbour-joining phylogenetic tree was constructed. The genetic distances were calculated using the Kimura two-parameter method. 40 Mid-point rooting was selected, and the reliability of the branching pattern assessed by a bootstrap analysis of 1 000 replications.
Results
The partial E2 gene sequence of 27 African SINV isolates was aligned with published sequences of the virus isolated in Europe, Asia, Africa, Australia and New Zealand. One cluster (Figure 2 ), corresponding to SINV genotype I, resolved into three subclusters (I a, I b and I c), of which the first consisted of SINV isolates originating mainly from South Africa (n = 24), Cameroon (n = 1), Sweden (n = 11), Germany (n = 3), Finland (n = 4), Norway (n = 1), Russia (n = 1) and Israel (n = 1). A single isolate from eastern China (YN87448) was also grouped within this subcluster (Figure 2, I a) .
Two isolates from Upington, South Africa, and one isolate from Uganda, formed a second subcluster (Figure 2, I b) . A third subcluster consisted of isolates from Saudi Arabia (n = 4), Israel (n = 1), Italy (n = 1), Egypt (n = 1), Azerbaijan, Russia ( n = 1) and the Slovak Republic (n = 3) (Figure 2, I c) .
A second cluster (Figure 2 ), corresponding with SINV genotype II, consisted of isolates from Australia (n = 4) and one isolate from Malaysia. A third cluster (Figure 2 ), corresponding with SINV genotype III, included isolates from India (n = 4) and the Philippines (n = 1). The fourth cluster (Figure 2 ), corresponding with SINV genotype IV, included isolates from Azerbaijan, Russia (n = 1) and China (n = 1). A single isolate from New Zealand, grouped separately, formed a final cluster-designated SINV genotype V (Figure 2) . Apart from the Whataroa virus M78 isolate from New Zealand, the division of SINV isolates into these distinct groups was supported by high bootstrap values of between 70% and 100%.
Maximum diversity within the SINV groups in this study was observed between SINV genotypes III and V, with a 30.1% difference in nucleotides (94/312) and a 23.1% difference in amino acids (24/104), while the least amount of divergence was observed between the South African and European SINV isolates (subcluster I a), having a maximum divergence of 36 nucleotides (11.5%) and 11 amino acids (10.6%). South African SINV isolates were highly homogenous, having a maximum divergence of four nucleotides (1.3%) and four amino acids (3.8%).
Discussion
The results obtained in this study have demonstrated that SINV isolates belong to five distinct phylogenetic groups and confirm the existence of considerable genetic variants. The genetic variation reported in this study is very similar to previous results reported by Kinney et al (30. 4% at the nucleotide level and 22.5% at the amino acid level), 41 and by Lundström and Pfeffer (28.2% at the nucleotide level and 22.2% at the amino acid level). 3 In this study, SINV genotype I formed three subclusters, namely I a, I b and I c. The Sindbis viruses mainly originating from South Africa, Sweden, Finland and Germany, grouped within one subcluster (I a). Even though SINV has a wide geographical distribution, clinical outbreaks occurring as epidemics have mainly occurred in parts of northern Europe and South Africa, indicating that humans may be more susceptible to infection with SINV strains from this particular genotype. 3 Our results further support the hypothesis that these viruses may be transported between South Africa and Europe by migratory birds. The Palaearctic-Ethiopian spread of the SINV isolates belonging to genotype I corresponded with the two African-Eurasian avian flyways. 42 Similar results were reported by other authors. 3, 10 It has been suggested that the isolate from China (YN87448) grouping within cluster I, together with the North European and South African strains, is a contamination because of its striking similarity with the commonly used laboratory strain, AR86. 3 A very low diversity was noted among the South African SINV isolates [four nucleotides (1.3%) and four amino acids (3.8%)]. This is to be expected since the majority of the South African specimens used in this study originated from the same geographical area (Olifantsvlei, Gauteng). A phylogenetic study including specimens from other regions of South Africa and Africa would provide more comprehensive information on the phylogeography of the South African and African SINV strains.
The second subcluster (I b) for SINV genotype I comprised isolates from Upington in the Northern Cape province of South Africa and Uganda. These isolates differed from the South African isolates in subcluster I a by 15 nucleotides (4.8%) and two amino acids (1.9%). Considering that none of the SINV isolates in this cluster were isolated from humans, the dispersal of these isolates by means of human travel may be ruled out. Therefore, the most likely explanation for the close relationship between these isolates would appear to be their transmission between these locations through the migration of birds. Given that the Northern Cape is one of the least ornithologically studied areas in South Africa, it is difficult to pinpoint exactly which bird species could be involved in transporting SINV strains between Upington and Uganda. Birds such as the Barn Swallow (Hirundo rustica), the Red-backed Shrike (Lanius collurio) and the Willow Warbler (Phylloscopus trochilus) have a preference for migrating to South Africa through Uganda and the Lake Victoria basin. 43, 44 Additionally, some species of birds, such as the Rock pratincole (Glareola nuchalis) are intra-African migrants that breed in southern Africa, and migrate to Uganda in nonbreeding seasons. 45 The migration of these and several other birds, which are potential carriers for SINV, might explain the separate grouping of the SINV isolates from Upington with the SINV isolate from Uganda.
The third subcluster for SINV genotype I consisted of isolates from the Middle East, the south of Europe and the northern parts of Africa and Saudi Arabia. The grouping of these SINV isolates corresponds to the East Asian-East African flyway (part of the African-Eurasian flyway), in which birds migrate south-westwards from the mid-Palaearctic towards Africa, in order to avoid the obstructions presented by the Himalayas and the Tibetan plateau. 44 Sindbis virus genotype II consisted of isolates from Australia and Malaysia, and SINV genotype III of isolates from India and the Philippines. These isolates had an Asian-Australian spread that corresponded with the East Asian-Australasian flyway of birds. 42, 44 The SINV isolates belonging to genotype III were the most different from the other genotypes, based on a nucleotide and amino acid comparison. These results are similar to results reported by Lundström and Pfeffer, 3 Sammels et al 7 and Olsen and Trent. 42 To date, no human SINV infections have been reported from the Asian-Australian areas, suggesting that the strains belonging to group II and III in this study are either the least infectious, or are largely misdiagnosed or under-reported.
Sindbis virus genotype IV consisted of one isolate from Russia and one from China. Birds such as the white stork (Ciconia ciconia) may use the Central Asian flyway to migrate between Russia and China, 44 and this might explain the grouping of these isolates within one genotype. The New Zealand isolate formed a separate branch-designated SINV genotype V. It has been suggested that New Zealand SINV isolates might be distinctly different from other SINV isolates as New Zealand hosts a large variety of endemic passerine birds who rarely migrate between New Zealand and other countries. 3, 46 Studies including more isolates from these areas would be necessary to better elucidate the phylogeography of the genotype IV and genotype V strains.
Conclusion
This study considered the relationship of a panel of SINV isolates from South Africa and Africa with a global selection of SINV and has confirmed considerable genetic diversity and distinct phylogenetic configuration. The phylogenetic groups were associated with some of the major migratory patterns of birds. This suggests that birds play a major role in the distribution of Sindbis viruses. These findings are consistent with, and complementary to, previous studies that considered the phylogeography of SINV.
